The effects of chemical composition (carbohydrates, lipids, and protein) on the anaerobic co-digestion performance of food wastes (FW) were investigated from the viewpoints of methane production, dynamic parameters, and microbial community structure. The results of this study showed that a notable gasification rate was positively correlated with the proportion of the composition. A T2 reactor, which consisted of 60% carbohydrates, 20% lipids, and 20% protein, held a higher gasification rate of 65.09% compared to other groups, while its process parameters showed some deficiency regarding the stability of digestion, especially for low biochemical methane potential (BMP), which was not beneficial for the actual practice. A T4 reactor, with a highest gasification rate of 70.68%, held the maximum BMP (497.44 mL/g VS). The stable chemical parameters achieved the optimal proportion, consisting of 40% carbohydrates, 40% lipids, and 20% protein. Furthermore, its microbial populations were rich and achieved a balance of the two main dominant communities of acetoclastic methanogens and hydrogenotrophic methanogens, whose relative abundance was close. It was obvious that interactive effects were caused by different proportional composition, which led to constantly changing chemical parameters and microbial community.
Introduction
Organic waste, as the result of the ever-increasing numbers of human population and the intensification of livestock and agriculture, has caused severe environmental problems and resource wastage. Food waste (FW) is a large portion of organic waste and is not very satisfactory for landfill, composting, or animal feed due to its complex composition, high moisture, and perishability [1] . Anaerobic digestion (AD) is an environmentally friendly technology that has been widely used to solve organic waste problems, while producing clean energy and achieve sustainable development. Accordingly, the AD process of FW was extensively investigated in the laboratory and implemented in the industry.
FW for anaerobic digestion is a non-conservative substrate with high lipid, protein, and carbohydrate content [1] . The goal is the degradation of FW and AD is an effective way to achieve this. It achieves high biochemical methane production (BMP) of 467-529 mL/g VS added (VS, volatile solid) due to its high protein and lipid content [2, 3] . Moreover, other studies showed that lipid-rich FW has a higher BMP than carbohydrate-rich FW and protein-rich FW [4] . It has been suggested that AD with high lipid and protein contents of slaughterhouse wastes had a positive contributing effect to the methane yield, achieving 43% higher yield than expected and better microorganism environment 
Experimental Design
Anaerobic batch co-digestion tests were conducted in triplicate at a thermophilic temperature (55 • C) for 45 days according to the method described by Wang et al. [20] . One-liter laboratory fabricated glass reactors of 700 mL working volume were placed in a thermostatic water bath to maintain the digestion system. The total concentration of substrates was 17.5 g VS/L under a substrate to inoculum ratio of 2:1 based on VS. The ratios of CR, WP, and PO were then adjusted according to the VS proportions of the three chemical composition (Table 2 ) and their contents in the raw substrates (Table 1) . Table 2 . Different ratios of lipids, carbohydrates and protein amounts in different sets and related C/N ratios. 
Lipid (% VS) Carbohydrate (% VS) Protein (% VS) C/N

Analytic Methods
Process Parameters Measurement
The APHA Standard Methods (1995) were used for the routine analysis conducted in this study, including total solid (TS), VS, total organic carbon (TOC), total organic nitrogen (TON), total ammonium nitrogen (TAN), and VFAs. Furthermore, crude carbohydrates, lipids, and proteins were measured and calculated according to the method of Ebner et al. [16] . The pH was measured via hand-held pH meter. The daily biogas volume was determined via water replacement method. A methane analyzer (Gasboard-3200P, Wuhan, China) was used to measure the methane content. IBM SPSS statistics software (Version 19 ) was used to analyze the relationship between the parameters via Pearson correlative analysis.
Microbial Community Measurement
The samples for DNA extraction and MiSeq sequencing of 16S rRNA gene amplicons were homogeneously mixed before collection. The Fast DNA Kit for Soil (MP Biomedicals, SantaAna, USA) was used to extract DNA from samples according to the manufacturer's instructions. PCR amplification of bacterial and archaeal 16S rRNA gene used the universal primers 338F (5 -ACTCCTACGGGGAGGCAGCA-3 ) and 806R (5 -GGACTACHVGGGTWTCTAAT-3 ). Sequence amplification was conducted on Illumina's MiSeq-PE250 platform by Personal Biotechnology Co., Ltd., Shanghai, China. The Greengenes database [21] was used as template sequences for classification and identification of operational taxonomic units (OTUs).
Modified Gompertz Model
The modified Gompertz equation (Equation (1)) was used to evaluate the dynamic characteristics of co-digestion, including lag phase, methane production potential and growth of microorganisms [22] :
where M (t) represents the cumulative methane yield (mL/g VS) at the anaerobic digestion time t (d); M 0 represents the methane potential maximum production (mL/g VS); R max represents the maximum methane production rate (mL/g VS −d ); λ represents the lag phase (d); t represents the duration of the assay (d); and e represents the Euler's number (2.71828).
Gasification Rate
Gasification rate (GR) could be due to the synergistic effect, representing the positive direction of different substrate composition under anaerobic co-digestion [23] . The GR was calculated according to Equation (2) [24] :
In this study, the value of TMP was calculated via Equation (3) 
Results and Discussion
Methane Production
During the AD process, substrates with different chemical proportions showed various biogas and methane production patterns (Figure 1 ). T2 achieved the highest carbohydrate proportion and remained high levels of biogas and methane production during the early stage of fermentation from day 6 to day 25, with cumulative biogas and methane yields of 7361 mL and 5115.14 mL, respectively, during this period, accounting for 86.79% and 97.36% of the values obtained from the whole 45 days digestion. At the late stage, the daily methane production remained as low as 50 mL/d for T2, mainly attributed to its low lipid content. In comparison, T1 and T3 with low carbohydrate and high lipid and protein proportions produced the most biogas and methane from day 18 to day 35, accounting for 64.11% to 79.37% of the total values. T4 possessed relatively balanced chemical composition and showed three peaks at days 8, 14, and 20, with biogas and methane yields of 510 mL/d, 988 mL/d, 626 mL/d, and 327.42 mL/d, 713.34 mL/d, 443.83 mL/d, respectively. Throughout the whole fermentation process, T4 retained relatively high biogas and methane production levels, especially from days 7 to day 36. T4 had the longest peak period compared to other treatments. T4 and T5 had the same lipid content but different carbohydrate and protein proportions. T5 showed similar anaerobic digestion performance prior to day 15 and after day 23 compared to T4; however, from days 16 to day 22, T5 produced only about half the biogas and methane compared to T4. Evidently, the three principal components in substrates interact, which significantly affects their anaerobic co-digestion performance. In general, the results were similar to the reports that showed that the hydrolysis of carbohydrates is more rapid than the hydrolysis of proteins and lipids [8, 24] . The BMP test was conducted to evaluate the methane production potential of substrates before and after co-digestion. The T4 reactor had the highest BMP of 497.44 mL/g VS, followed by T5, T1, and T2 reactors with BMP values of 424.96 mL/g VS, 422.25 mL/g VS, and 381.03 mL/g VS, respectively, and the lowest values by the T3 reactor with a value of 326.12 mL/g VS. However, for TMP, the highest value was obtained by the T1 reactor, followed by T3, T5, T4, and T2 reactors. It has been suggested that the BMPs of carbohydrate, protein, and lipid are 415, 496, and 1014 mL/g VS, respectively [4] . Thus, TMPs of the mixture sets were consistent with the lipid contents, as lipid achieved relatively higher BMP than protein and carbohydrate. However, the actual BMPs of the mixture sets were not consistent with their TMPs or the lipid contents. For example, the T1 reactor, with the highest lipid content of 70%, had the maximum TMP, but a lower BMP than T4 and T5 reactors, both of which had a lipid content of 50%. Accordingly, T4 and T5 both had higher GR, which reflected a better ratio of BMP to TMP than T1. Sun et al. [8] reported that, for a lipid concentration of 65% or higher, methane yields decreased sharply, pointing out that methane yields increased with increasing lipid concentration when it was below 60% [8] . Indeed, methane production was positively correlated with lipid reduction and increasing of the lipid ratio in the substrate would result in the growth of methane production [25] . Obviously, its content must be limited within a certain range to avoid inhibition by long chain fatty acids. Despite remaining within the safety range, T3 had a 20% higher lipid content than T2, but showed lower BMP and GR (Table 3) . Consequently, the lipid The BMP test was conducted to evaluate the methane production potential of substrates before and after co-digestion. The T4 reactor had the highest BMP of 497.44 mL/g VS, followed by T5, T1, and T2 reactors with BMP values of 424.96 mL/g VS, 422.25 mL/g VS, and 381.03 mL/g VS, respectively, and the lowest values by the T3 reactor with a value of 326.12 mL/g VS. However, for TMP, the highest value was obtained by the T1 reactor, followed by T3, T5, T4, and T2 reactors. It has been suggested that the BMPs of carbohydrate, protein, and lipid are 415, 496, and 1014 mL/g VS, respectively [4] . Thus, TMPs of the mixture sets were consistent with the lipid contents, as lipid achieved relatively higher BMP than protein and carbohydrate. However, the actual BMPs of the mixture sets were not consistent with their TMPs or the lipid contents. For example, the T1 reactor, with the highest lipid content of 70%, had the maximum TMP, but a lower BMP than T4 and T5 reactors, both of which had a lipid content of 50%. Accordingly, T4 and T5 both had higher GR, which reflected a better ratio of BMP to TMP than T1. Sun et al. [8] reported that, for a lipid concentration of 65% or higher, methane yields decreased sharply, pointing out that methane yields increased with increasing lipid concentration when it was below 60% [8] . Indeed, methane production was positively correlated with lipid reduction and increasing of the lipid ratio in the substrate would result in the growth of methane production [25] . Obviously, its Sustainability 2019, 11, 2933 6 of 15 content must be limited within a certain range to avoid inhibition by long chain fatty acids. Despite remaining within the safety range, T3 had a 20% higher lipid content than T2, but showed lower BMP and GR (Table 3) . Consequently, the lipid content was not the solely factor affecting methane production. Higher proportion of protein in T3 might result in the accumulation of other primary inhibitors, such as ammonium nitrogen during protein breakdown, which might be the reason why T3 had a worse digestion performance. For T3, T4, and T5 with the same lipid contents, BMP, TMP, and GR values were positively correlated to carbohydrate contents but negatively correlated with protein contents. In other words, although lipid had the highest BMP of the three chemical composition, for food waste, high BMP, and GR strongly relied on the appropriate ratios of these chemical composition, as well as their interactive effects. In general, the appropriate C/N ratio was used to enhance the performance of the anaerobic digestion, to improve the buffering capacity, to afford primary or secondary and trace nutrient elements, to dilute potential inhibitory or toxic composition, and the balance the system microenvironment [26] . Several reports agreed that the optimal value of C/N ratio ranges from 20-30 for anaerobic digestion [20, 27] . Although the C/N ratios of five sets in this experiment exceeded the optimal range, synergistic effects among three principal composition were obvious according to the analysis of GR. From the viewpoint of C/N ratio, T1, and T4 reactors had similar C/N ratios, but were strongly different from GR. Since the T1 and T4 reactors had the same protein content, their difference in AD performance might be attributed to particularly high lipids in the T1 reactor, resulting in an inhibition of the methane production. For T3, T4, and T5 reactors, with increasing C/N ratio, GR increased. Thus, combined with the effects of C/N ratio and chemical composition in substrates on AD performance, although balanced C/N ratio is extremely essential for well-performed anaerobic digestion, the chemical composition were also important indictors for an optimized AD process. In summary, optimization of chemical composition and C/N ratios for better AD performance would be interesting and expected. Figure 2 shows that the cumulative methane yield can simulate the methanogenic bacteria growth line. The cumulative methane yield increased rapidly after the lag phase, which reflects the delayed response of microbes including bacteria and archaea to change and adapt to the environment [5] . The maximum methane production rate (R max ) of 58.23 mL/g VS −d was obtained at the T4 reactor, which was similar to that of the T5 reactor, both of which had the same lipid proportion of 50% VS (Table 4) . Although the T3 reactor used the same ratio of lipids, it was 10.07 mL/g VS −d lower than the T4 reactor due to the high ratio of protein. The lag period time of the T3 reactor was 12.75 days, matching the research that the higher protein mass percentage in the substrate had the longer fermentation period [8, 24] . Despite several studies reporting that protein can increase the methane content, it has been also suggested that hydrolyzing protein required sufficient time [4, 24] . However, the maximum M 0 of T4 reactor had the same protein ratio as the T1 reactor, which was 75.19 mL/g VS lower and took 5 days longer than the T4 reactor. The long λ can be the cause for the accumulation of VFAs and ammonia nitrogen [5] , while short λ can be due to high activity and quantity of microorganisms that can quickly convert the VFAs into biogas [28] . Substrate composition played an important role in the activity of microbe and lag phase. Rmax represents the maximum methane production rate (mL/g VS −d ); M0 represents the methane potential maximum production (mL/g VS); λ represents the lag phase (d).
Dynamic Model Parameters
Chemical Parameters and Process Stability
pH directly affects microorganism activity [29] and is one of the primary factors during anaerobic digestion process. According to Figure 3a , the variation trends were basically consistent in pH for all five reactors throughout the digestion process. Especially, the T2 reactor, with higher carbohydrate content, showed a lower pH value compared to other treatments. In general, highcarbohydrate substrate is readily acidified and led to the accumulation of VFAs, which results in a decreasing pH value. In contrast, high-protein substrate easily caused the increase of pH value due to ammonia nitrogen from protein hydrolysis. Thus, the T3 reactor with the highest content of protein showed an average pH value of 7.6, which was comparatively higher than those of other treatments.
Ammonia nitrogen could increase the system's alkalinity and retain the pH balance and a stable environment. However, high ammonia also results in the inhibition of the digestive process [30] . As shown in Figure 3b , as a result of high protein content, the T3 reactor showed two times higher NH4 + -N content compared to other groups with low protein content. Shi et al. [31] reported that hydrolyzing protein induced a continuous release of ammonia, which placed a premium on decreasing the activity of acidogenic bacteria and methanogens. Thus, the reason that the T3 reactor had relatively high theoretical methane potential but the lowest bio-methane potential and gasification rate could be explained. T1, T2, and T4 reactors had identical NH4 + -N contents throughout the digestion process. However, compared to T2, the T5 reactor had the same protein R max represents the maximum methane production rate (mL/g VS −d ); M 0 represents the methane potential maximum production (mL/g VS); λ represents the lag phase (d).
pH directly affects microorganism activity [29] and is one of the primary factors during anaerobic digestion process. According to Figure 3a , the variation trends were basically consistent in pH for all five reactors throughout the digestion process. Especially, the T2 reactor, with higher carbohydrate content, showed a lower pH value compared to other treatments. In general, high-carbohydrate substrate is readily acidified and led to the accumulation of VFAs, which results in a decreasing pH value. In contrast, high-protein substrate easily caused the increase of pH value due to ammonia nitrogen from protein hydrolysis. Thus, the T3 reactor with the highest content of protein showed an average pH value of 7.6, which was comparatively higher than those of other treatments.
Ammonia nitrogen could increase the system's alkalinity and retain the pH balance and a stable environment. However, high ammonia also results in the inhibition of the digestive process [30] . As shown in Figure 3b , as a result of high protein content, the T3 reactor showed two times higher NH 4 + -N content compared to other groups with low protein content. Shi et al. [31] reported that hydrolyzing protein induced a continuous release of ammonia, which placed a premium on decreasing the activity of acidogenic bacteria and methanogens. Thus, the reason that the T3 reactor had relatively high theoretical methane potential but the lowest bio-methane potential and gasification rate could be explained. T1, T2, and T4 reactors had identical NH 4 + -N contents throughout the digestion process.
However, compared to T2, the T5 reactor had the same protein proportion of 20%, but a 1.5-times higher NH 4 + -N content. The reason for this discrepancy might be because the T2 reactor had a lower pH as the result of high carbohydrate content, which negatively affected the activity of the acidogenic bacteria and, to some extent, inhibited the hypothesis of protein [30, 32] . Thus, this interesting result reflected the existence of interactive effects among organic composition in the digesting system. 
Microbial Responses to the Chemical Composition of FW
Performance of Bacterial Communities
There are 2331 bacterial OTUs classified into 24 phyla and 263 genera. Then, a large majority of them were classified into Firmicutes with about 89.2%. The average relative abundances of Firmicutes for T1, T2, T3, T4, and T5 reactors were 90.7%, 94.2%, 96.5%, 89.2%, and 92.5%, respectively ( Figure  4 ). This indicated that five reactors in this study may have achieved better digestion performance due to the predominance of Firmicutes and greater bacterial diversity [26] . For the others, these were assigned to six phyla and others, which were Chloroflexi (2.6%), Proteobacteria (1.8%), Tenericutes (1.7%), Bacteroidetes (1.5%), Spirochaetes (1.5%), and Synergistetes (1.0%). Identical to previous studies, we found that Firmicutes and Chloroflexi were able to degrade a large number of organic compounds under a variety of conditions and had been found in a wide range of co-digestion [26] . Organic substrates were dissolved and hydrolyzed, thus transformed into LCFAs, amino acids, and sugars. Then, they were decomposed into small molecule VFAs, such as acetate, propionate, and butyrate. The VFAs content of the fermentation system first increased and then decreased rapidly after seven days (Figure 3c ). Although the T1 reactor had VFAs levels comparable to T2, T4, and T5 reactor after 12 days of digestion, the VFAs levels of the T1 reactor were lower on day four but achieved higher VFA accumulation on day seven compared to these groups. Carbohydrate had the highest, and lipid had the lowest, hydrolysis rates as the major components of anaerobic digestion [8, 24] . Thus, for the substrate with low carbohydrate and high lipid content, methanogens would have a slow growth rate due to the lack of sufficient carbon supply during the early stage of the digestion process, which could lead to the accumulation of VFAs. Thus, the variable tendency of VFA levels for the T1 reactor compared to other groups could be explained by its lowest carbohydrate and highest lipid contents. The T3 reactor had higher VFA contents during the initial and late stages compared to other groups, which was obviously attributed to the ammonia inhibition on methanogens. T2 and T4 reactors had similar and lower VFA concentrations but higher GR than other groups, indicating that these two treatments possessed a suitable and stable digestion environment for high efficiency degradation and methanation of organic components. From the viewpoint of chemical properties during the co-digestion process, the change and differences of chemical parameters was significantly affected by the proportion of organic components. this further affected the biogas production and methane content. This was an interactive effect found among organic composition and their proportions that were evidently important for a stable environment and high gasification efficiency.
Microbial Responses to the Chemical Composition of FW
Performance of Bacterial Communities
There are 2331 bacterial OTUs classified into 24 phyla and 263 genera. Then, a large majority of them were classified into Firmicutes with about 89.2%. The average relative abundances of Firmicutes for T1, T2, T3, T4, and T5 reactors were 90.7%, 94.2%, 96.5%, 89.2%, and 92.5%, respectively (Figure 4 ). This indicated that five reactors in this study may have achieved better digestion performance due to the predominance of Firmicutes and greater bacterial diversity [26] . For the others, these were assigned to six phyla and others, which were Chloroflexi (2.6%), Proteobacteria (1.8%), Tenericutes (1.7%), Bacteroidetes (1.5%), Spirochaetes (1.5%), and Synergistetes (1.0%). Identical to previous studies, we found that Firmicutes and Chloroflexi were able to degrade a large number of organic compounds under a variety of conditions and had been found in a wide range of co-digestion [26] . Illumina MiSeq results indicated that the uppermost bacteria were all affiliated to the phylum Firmicutes in the five reactors and in the control fed with different proportions of substrates. Members of Firmicutes have been reported as the dominant community in reactors [26] . Moreover, most of the data in Firmicutes were attributed to the class Clostridia viz. 76.7%, 80.1%, 84.5%, 74.8%, and 77.0%. Only few of them were affiliated with the class Bacilli with 12.0%, 13.1%, 10.6%, 13.2%, and 14.1% in turn. Thus, the species of Bacillus were significantly correlated with the concentration of protein in the reactor (p < 0.01). The variation of ammonia nitrogen in different proportions during the anaerobic digestion process in Figure 3b confirmed this relationship. T3 reactor with 60% protein and T5 reactor with 33.3% held a higher concentration of NH 4 + -N than other reactors. The dramatic proliferation of Clostridia, known as hydrogen producer, prompted the generation of excessive hydrogen. Hydrogen partial pressure likewise affected fermentation performances and final product composition [33] . It was reported that excessive hydrogen decreases hydrogenase enzyme activity and diverts metabolic pathways towards solvent production [33] . T4 had the lowest relative abundance of Clostridia with 74.8% and the highest BMP and GR, suggesting that more hydrogen was converted to methane. Moreover, Alibardi and Cossu [33] reported that the carbohydrate content of substrates related to hydrogen yield little. However, the carbohydrate content in the reactor did not correlate to Clostridia abundance due to different proportions of carbohydrate, protein, and lipids in this study. Microorganisms (>1.0%) mainly pertain to Chloroflexi, Proteobacteria, Bacteroidetes, and Spirochaetes, except for Tenericutes and Synergistetes that are those that had a trend decrease in relative abundance after the change of composition of substrate, as indicated by a similar report by another researcher [34] . Chloroflexi found in T4 had the highest relative abundance (2.9%) in contrast to the other four reactors. Since Chloroflexi participates in carbohydrate degradation [35] , the higher the proportion of carbohydrate, the greater the abundance. However, the relative abundance of T2 with carbohydrates of 50% VS was 0.8%, less than four-fold compared to T4. It has been reported that some species belonging to Chloroflexi are associated with hydrogenotrophilic methanogens [35] .
However, Chloroflexi abundance was sensitive to pH fluctuation. The pH value of the T3 reactor fluctuated dramatically, resulting in a low relative abundance of Chloroflexi with 0.1%. On the other hand, the relative abundance of Tenericutes showed a significant relationship with the concentration of lipid (p < 0.01). Furthermore, it was also correlated with TMP and DMP (p < 0.05). With increasing lipid content, Tenericutes abundance kept growing, which was a failure indicator in AD with FW [36] . Its abundance showed a correlation with C/N (p < 0.05). Consequently, those changes inhibited the methanogens community and proceeded to the next step of methane product. The results indicate that there may be an interaction among substrates that could significantly affect the microorganism community.
Bacteria Firmicutes in the five reactors and in the control fed with different proportions of substrates. Members of Firmicutes have been reported as the dominant community in reactors [26] . Moreover, most of the data in Firmicutes were attributed to the class Clostridia viz. 76.7%, 80.1%, 84.5%, 74.8%, and 77.0%. Only few of them were affiliated with the class Bacilli with 12.0%, 13.1%, 10.6%, 13.2%, and 14.1% in turn. Thus, the species of Bacillus were significantly correlated with the concentration of protein in the reactor (p < 0.01). The variation of ammonia nitrogen in different proportions during the anaerobic digestion process in Figure 3b confirmed this relationship. T3 reactor with 60% protein and T5 reactor with 33.3% held a higher concentration of NH4 + -N than other reactors. The dramatic proliferation of Clostridia, known as hydrogen producer, prompted the generation of excessive hydrogen. Hydrogen partial pressure likewise affected fermentation performances and final product composition [33] . It was reported that excessive hydrogen decreases hydrogenase enzyme activity and diverts metabolic pathways towards solvent production [33] . T4 had the lowest relative abundance of Clostridia with 74.8% and the highest BMP and GR, suggesting that more hydrogen was converted to methane. Moreover, Alibardi and Cossu [33] reported that the carbohydrate content of substrates related to hydrogen yield little. However, the carbohydrate content in the reactor did not correlate to Clostridia abundance due to different proportions of carbohydrate, protein, and lipids in this study. Microorganisms (>1.0%) mainly pertain to Chloroflexi, Proteobacteria, Bacteroidetes, and Spirochaetes, except for Tenericutes and Synergistetes that are those that had a trend decrease in relative abundance after the change of composition of substrate, as indicated by a similar report by another researcher [34] . Chloroflexi found in T4 had the highest relative abundance (2.9%) in contrast to the other four reactors. Since Chloroflexi participates in carbohydrate degradation [35] , the higher the proportion of carbohydrate, the greater the abundance. However, the relative abundance of T2 with carbohydrates of 50% VS was 0.8%, less than four-fold compared to T4. It has been reported that some species belonging to Chloroflexi are associated with hydrogenotrophilic methanogens [35] . However, Chloroflexi abundance was sensitive to pH fluctuation. The pH value of the T3 reactor fluctuated dramatically, resulting in a low relative abundance of Chloroflexi with 0.1%. On the other hand, the relative abundance of Tenericutes showed a significant relationship with the concentration of lipid (p < 0.01). Furthermore, it was also correlated with TMP and DMP (p < 0.05). With increasing lipid content, Tenericutes abundance kept growing, which was a failure indicator in AD with FW [36] . Its abundance showed a correlation with C/N (p < 0.05). Consequently, those changes inhibited 
Performance of Archaeal Communities
Both the bacterial and archaeal community structure was influenced by the co-digestion of different proportions of substrates [37] . Furthermore, it was also reported that archaeal communities would be altered by bacterial populations [26] . Thus, to help provide the required evidence, clarifying the relationship between archaeal community structure and composition proportions is necessary. The archaeal community at the end of fermentation were analyzed. The rarefaction curves of the six samples indicated that the sequencing depth for archaeal was sufficient to cover almost the whole diversity. A total of 6783 archaeal OTUs were classified into three phyla, belonging to Euryarchaeota, Crenarchaeota, Parvarchaeota, and others. For Euryarchaeota and Crenarchaeota, the relative abundances were 85.0%, 85.0%, 83.4%, 51.1%, and 85.1% and 14.9%, 14.8%, 16.3%, 48.6%, and 14.6%, for T1 to T5, respectively. A significant divergence was found among the six reactors where T4 was obviously different from other reactors, whose relative abundance was half of that of others for Euryarchaeota and three times greater for Crenarchaeota. For T4, the relative abundances of Euryarchaeota (51.1%) and Crenarchaeota (48.6%) was similar. This implied that the archaeal microorganisms had a balanced development, thus, achieving better coordination at the condition of T4 proportion substrates.
At the genus level, there were more than half of archaea reads, which matched unclassified microorganisms (62.5%). To facilitate the discussion, we classified genus except for unclassified on the basis of their relative abundance as: predominant (>5%), abundant (>1%), medium (>0.5%), rare (>0.01%), and very rare (≤0.01%) according to De Francisci et al. [35] . Rare and very rare were not considered in this study. Relative abundances above 0.5% at genus level were used to build a histogram ( Figure 5 ). The predominant genera identified were Methanosarcina, Methanosaeta, Methanoculleus, and Methanobrevibacter originating from Euryarchaeota in the five reactors. Most of the CH 4 is produced by mainly two types, namely acetoclastic and hydrogenotrophic [9] . According to Zabranska and Pokorna [38] , acetoclastic methanogens belong to Methanosarcina and Methanosaeta; Methanobrevibacter and Methanoculleus are the most commonly identified hydrogenotrophic methanogens. Taxonomic analysis showed that there were no notable changes of methanogens composition among different composition proportions but a distinct difference in the relative abundance of each genus. Methanosarcina and Methanosaeta affiliated with acetoclastic methanogens occupied 27.8%, 54.6%, 46.9%, 10.7%, and 30.2% and 3.3%, 2.8%, 6.5%, 3.0%, and 1.5% in the five reactors, respectively. This clearly indicated that methanogen abundance in T4 followed a tremendous difference compared to the others. Methanosarcina in T4 had only 10.7%, which was below 2.6-fold in T1, 5.1-fold in T2, 4.1-fold in T3, and 2.8-fold in T5. Methanosarcina, the main member in all the reactors, are mainly acetoclastic methanogens [35] with the ability to sustain hydrogenotrophic and methylotrophic [39] methanogenesis. Clearly, the substrate proportion affected the hydrolysis rate, which could result the relative abundance of Methanosarcina. Especially, Methanosarcina abundance was negatively correlated with BMP (p < 0.05), which indicates that their lower abundance in the reactor would lead to more methane production in the T4 reactor. Methanosaeta's relative abundance was generally lower than that of Methanosarcina in each reactor. Many studies demonstrated that Methanosarcina and Methanosaeta were competitive genera in AD [26] . Methanosarcina is more tolerant to inhibitors than Methanosaeta, e.g., it has a higher growth rate and tolerance to pH changes [38] . Thus, the abundance of Methanosaeta would change with varying pH during the digestion process. Its abundance was positively correlated with pH (p < 0.05). Another reason is that Methanosaeta can only use acetate for CH4 production, but low concentrations of acetate favors its growth. Therefore, the result suggested that the T5 reactor had a higher acetate concentration and its two genera differed 20.1 times. Acetate supplied nutrition for Methanosarcina metabolism and also significantly increased when Methanosarcina increased [26] . It is generally recognized that carbohydrates have the fastest hydrolysis. T2 had the maximum proportion of carbohydrate with 50% VS and the maximal Methanosarcina relative abundance with 54.6%. However, its BMP and gasification rate were lower than those of T4. It has been reported that the AD rate is limited by methanogenesis rather than by hydrolysis due to the rapid acidification of substrates to VFAs, resulting in a rapid decrease in pH and process inhibition of methanogens activity [38] . In fact, the pH of T2 was lower than the value during the corresponding period. Furthermore, this was mainly caused by the acid resistance of some Firmicutes species, especially Clostridium which can grow at low pH.
Universally, structure determines function. Archaeal community structure influenced methane Methanosarcina and Methanosaeta affiliated with acetoclastic methanogens occupied 27.8%, 54.6%, 46.9%, 10.7%, and 30.2% and 3.3%, 2.8%, 6.5%, 3.0%, and 1.5% in the five reactors, respectively. This clearly indicated that methanogen abundance in T4 followed a tremendous difference compared to the others. Methanosarcina in T4 had only 10.7%, which was below 2.6-fold in T1, 5.1-fold in T2, 4.1-fold in T3, and 2.8-fold in T5. Methanosarcina, the main member in all the reactors, are mainly acetoclastic methanogens [35] with the ability to sustain hydrogenotrophic and methylotrophic [39] methanogenesis. Clearly, the substrate proportion affected the hydrolysis rate, which could result the relative abundance of Methanosarcina. Especially, Methanosarcina abundance was negatively correlated with BMP (p < 0.05), which indicates that their lower abundance in the reactor would lead to more methane production in the T4 reactor. Methanosaeta's relative abundance was generally lower than that of Methanosarcina in each reactor. Many studies demonstrated that Methanosarcina and Methanosaeta were competitive genera in AD [26] . Methanosarcina is more tolerant to inhibitors than Methanosaeta, e.g., it has a higher growth rate and tolerance to pH changes [38] . Thus, the abundance of Methanosaeta would change with varying pH during the digestion process. Its abundance was positively correlated with pH (p < 0.05). Another reason is that Methanosaeta can only use acetate for CH 4 production, but low concentrations of acetate favors its growth. Therefore, the result suggested that the T5 reactor had a higher acetate concentration and its two genera differed 20.1 times. Acetate supplied nutrition for Methanosarcina metabolism and also significantly increased when Methanosarcina increased [26] . It is generally recognized that carbohydrates have the fastest hydrolysis. T2 had the maximum proportion of carbohydrate with 50% VS and the maximal Methanosarcina relative abundance with 54.6%. However, its BMP and gasification rate were lower than those of T4. It has been reported that the AD rate is limited by methanogenesis rather than by hydrolysis due to the rapid acidification of substrates to VFAs, resulting in a rapid decrease in pH and process inhibition of methanogens activity [38] . In fact, the pH of T2 was lower than the value during the corresponding period. Furthermore, this was mainly caused by the acid resistance of some Firmicutes species, especially Clostridium which can grow at low pH.
Universally, structure determines function. Archaeal community structure influenced methane yield via different relative abundance of acetoclastic methanogens and hydrogenotrophic methanogens ( Table 5 ). The relative abundance of the dominant population of two types of metabolic pathways is shown in Table 5 . Consequently, the two types of relative abundance of T4 reactor were 13.7% and 13.0%. Moreover, a negative correlation was found between actoclastic methanogens and BMP (p < 0.05) in this study. T4 reactor composition proportion could buffer ammonia and VFAs to adjust the pH and reduce the inhibition of acidification to methanogens, while it could also balance the dominant population of the main two metabolic pathways. The similar relative abundance means that two types of methanogens could be supplementary and competitive to each other. These micro-environmental niches are in favor of methane yield and other products. Furthermore, the species richness, measured via OTUs' rank abundance curve and chao1, suggests that the T4 reactor had the more abundant microorganisms and more diversity ( Table 6 ). The T4 reactor had an optimal internal micro-environment that coordinated the balanced development of various microorganisms. Due to the competitive, exploitative, and cooperative relationships, predominant microorganisms are enabled to balance the population in an attempt to take over the metabolic niche. This improved the diversity of the AD system, thus, ensuring the stability and increase of the methane yield.
Furthermore, this clearly indicates that composition proportions played essential roles in influencing the archaeal community structure. This affected the final methane yield and anaerobic products. Corresponding to each sample in the same sequencing depth Chao1, ACE, Shannon, Simpson, and other diversity index calculation results.
Conclusions
The chemical composition significantly affects the anaerobic co-digestion performance of FW. Although lipids have the highest bio-methane potential, the actual methane production was not consistent with its content in the substrate, due to the existence of interactive effects among organic composition in the digesting system. The result indicates that the highest gasification rate, due to the synergistic effect, was obtained at a ratio of 40:40:20 for carbohydrates, lipids, and proteins. In conclusion, co-substrates with optimum proportion of carbohydrates, lipids, and proteins were dominant in terms of balancing of acidification and methanation, thus, providing an optimal micro-environment and forming a favorable niche for microorganisms. For actual production, this study can guide biogas plants to pay attention to adjusting the proportion of organic composition when using FW for AD, thereby improving the performance of AD, increasing biogas yield, and improving the degradation rate of organic solids.
